and Se are trace elements toxic to animals, including humans, wildlife, and aquatic species. However, selenium is also a nutritionally essential trace element, with a very narrow range between defi ciency and toxicity. Signifi cant sources of As and Se to the environment are coal ash and fl y ash. Currently in the United States, an estimated 67% of the boiler fl y ash produced from coal-fi red power plants is disposed of in landfi lls (Hall and Livingston, 2002) . Th erefore, dissolved As and Se in the leachate may enter adjacent water bodies and groundwater.
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and Se are trace elements toxic to animals, including humans, wildlife, and aquatic species. However, selenium is also a nutritionally essential trace element, with a very narrow range between defi ciency and toxicity. Signifi cant sources of As and Se to the environment are coal ash and fl y ash. Currently in the United States, an estimated 67% of the boiler fl y ash produced from coal-fi red power plants is disposed of in landfi lls (Hall and Livingston, 2002) . Th erefore, dissolved As and Se in the leachate may enter adjacent water bodies and groundwater.
Th e major inorganic species found in soil solution are arsenite, As(III), and arsenate, As(V), for As and selenite, Se(IV), and selenate, Se(VI) for Se (Adriano, 1986) . For each element, the toxic mode of action (Agency for Toxic Substances and Disease Registry, 2000, 2003) , as well as the mobility, is dependent on the oxidation state. In most cases, greater toxicity has been observed for the more reduced species. Th us, As(III) is considerably more toxic than As(V) (Flower, 1977) and Se(IV) is considered more toxic than Se(VI) (Cobo Fernandez et al., 1993) .
Th e valence states of As and Se in fl y ash leachate are diffi cult to predict because of ash heterogeneity, slow dissolution and desorption kinetics, and microbial transformation processes (Eary et al., 1990) . Fly ash leachates are either mixtures of As redox states or dominant in As(III) (Turner, 1981) or As(V) (Jackson and Miller, 1998) . Comparable behavior is found for Se, with various fl y ashes ranging from 5 to 100% Se(IV) (Jackson and Miller, 1998) . For both As and Se, the oxidation-reduction rates are slow so that both redox states can coexist in soil solution (Masscheleyn et al., 1990 (Masscheleyn et al., , 1991 .
Adsorption reactions by soil can attenuate As and Se concentrations in leachates from coal ash disposal facilities. Adsorption behavior is dependent on the redox state of the element, the soil pH, and the soil mineral type. Arsenic and Se adsorption are highly pH dependent. Arsenite is often considered to be more weakly bound than As(V). However, since the adsorption maxima for As(V) are around pH 4 to 6 (Goldberg et al., 2005) , while As(III) adsorption peaks in the pH range 7 to 9 (Raven et al., 1998) , As(III) often adsorbs to a greater extent than As(V) at high pH (Raven et al., 1998) . Selenite is consistently more strongly adsorbed than Se(VI). While Se(VI) adsorbs on reference minerals such as Fe oxides (Balistrieri and Chao, 1990 ) and clays (Bar-Yosef and Meek, 1987) , it adsorbs weakly or not at all on soils and is readily leached (Neal and Sposito, 1989) .
Arsenite adsorbs via an inner-sphere adsorption mechanism, forming bidentate surface complexes on goethite (Manning A : DCB, dithionite-citrate-bicarbonate.
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Leachate derived from coal ash disposal facili es is a poten al anthropogenic source of As and Se to the environment. To establish a prac cal framework for predic ng a enua on and transport of As and Se in ash leachates, the adsorpon of As(III), As(V), Se(IV), and Se(VI) had been characterized in prior studies for 18 soils obtained downgradient from ash landfi ll sites and represen ng a wide range of soil proper es. The constant capacitance model was applied for the fi rst me to describe As(III), As(V), Se(IV), and Se(VI) adsorp on on soils as a func on of equilibrium solu on As(III), As(V), Se(IV), and Se(VI) concentra ons. Prior applica ons of the model had been restricted to describing Se(IV) and As(V) adsorp on by soils as a func on of solu on pH. The constant capacitance model was applied for the fi rst me to describe As(III) and Se(VI) adsorp on by soils. The model was able to describe adsorp on of these ions on all soils as a func on of solu on ion concentra on by op mizing only one adjustable parameter, the anion surface complexa on constant. This chemical model represents an advancement over adsorp on isotherm equa on approaches that contain two empirical adjustable parameters. Incorpora on of these anion surface complexa on constants obtained with the constant capacitance model into chemical specia on transport models will allow simula on of soil solu on anion concentra ons under diverse environmental and agricultural condi ons.
et al., 1998), ferrihydrite, hematite, and lepidocrocite (OnaNguema et al., 2005) . In addition to bidentate complexes, minor amounts of monodentate As(III) surface complexes were found on goethite and lepidocrocite (Ona-Nguema et al., 2005) . Results from Fourier-transform infrared spectroscopy (FTIR) combined with electrophoretic mobility and potentiometric titration data indicated monodentate attachment of As(III) on amorphous Fe and Al oxides (Suarez et al., 1998) . Arsenate adsorbs via an inner-sphere adsorption mechanism, forming bidentate surface complexes on goethite, ferrihydrite (Waychunas et al., 1993) , gibbsite (Ladeira et al., 2001) , Mn oxide (Foster et al., 2003) , and hematite (Catalano et al., 2007) . Monodentate As(V) surface complexes were also observed on goethite and ferrihydrite (Waychunas et al., 1993) . Results from FTIR spectroscopy combined with electrophoretic mobility and potentiometric titration data indicated monodentate attachment of As(V) on amorphous Fe oxide (Suarez et al., 1998) . Selenite was found to adsorb as an inner-sphere bidentate surface complex on hematite (Catalano et al., 2006) and amorphous Al oxide (Peak, 2006) . A mixture of monodentate and bidentate Se(IV) complexes was found on Mn oxide (Foster et al., 2003) . Selenate adsorbs via an inner-sphere adsorption mechanism, forming bidentate surface complexes on goethite and amorphous Fe oxide (Suarez et al., 1998) and monodentate surface complexes on the Al oxide corundum (Peak, 2006) .
Arsenic and Se adsorption on soils has been described using various modeling approaches. Such models include the empirical linear distribution coeffi cient, K d (de Brouwere et al., 2004; Wang and Liu, 2005) , the Freundlich adsorption isotherm equation (Elkhatib et al., 1984; Del Debbio, 1991; Smith et al., 1999; Burns et al., 2006; Hyun et al., 2006) , and the Langmuir adsorption isotherm equation (Elsokkary, 1980; Singh et al., 1981; Jiang et al., 2005) .
Th e distribution coeffi cient is defi ned as a linear function and therefore it usually describes adsorption data only across a very restricted solution concentration range. Th is behavior was observed by Wang and Liu (2005) for Se(IV) adsorption by a calcareous soil. For ions whose adsorption behavior is pH dependent, K d is not constant. Variations in K d with solution pH were found for As(V) adsorption by soils (de Brouwere et al., 2004) . Th e Freundlich adsorption isotherm is strictly valid only for ion adsorption at low aqueous concentrations (Sposito, 1984) , but has often been used to describe adsorption across the entire concentration range investigated. Application of various isotherm equations often leads to fi ts of comparable quality (Singh and Pant, 2004) . When model fi t appears poor, a two-site Langmuir adsorption isotherm equation is often formulated for simultaneous adsorption onto two types of surface sites. Not surprisingly, due to the increase in the number of adjustable parameters, the fi t to adsorption data with the two-site Langmuir isotherm is often much improved over the single-site Langmuir isotherm. Th is was the case for Se(IV) and Se(VI) adsorption (Singh et al., 1981) and As(V) adsorption (Jiang et al., 2005) by soils. Although isotherm equations are often excellent at describing ion adsorption, they are simply empirical numerical relationships used to fi t adsorption data and their parameters are only valid for the conditions under which the experiment was conducted. Adherence of experimental data to an adsorption isotherm equation alone provides no information about the chemical reaction mechanism (Sposito, 1982) . Independent experimental evidence for an adsorption process must be available before any chemical signifi cance can be assigned to isotherm equation parameters. Unfortunately, this caveat has been almost universally ignored in adsorption studies.
Surface complexation models, unlike empirical adsorption isotherm equations, are chemical models that defi ne surface species, chemical reactions, mass balances, and charge balance and contain molecular features that can be given thermodynamic signifi cance (Sposito, 1983) . With these models, thermodynamic properties such as solid-phase activity coeffi cients and equilibrium constants are calculated mathematically. Th e major advancement of the surface complexation models is consideration of charge on both the adsorbate ion and the adsorbent surface. Th ese models can also provide insight into the stoichiometry and reactivity of adsorbed species. Surface complexation models have the potential to be predictive in nature and applicable to more than one fi eld site.
Applications of surface complexation models to describe As and Se adsorption by soils have been more limited and restricted to the constant capacitance model (Goldberg and Glaubig, 1988a,b; Sposito et al., 1988; Goldberg et al., 2005 Goldberg et al., , 2007 , the diff use layer model (Lumsdon et al., 2001) , and the CD-MUSIC model (Gustafsson, 2001 (Gustafsson, , 2006 . In most surface complexation modeling, adsorption isotherm data are described by assuming that the ion adsorbs to one or at most two average sets of reactive surface sites. Th is is clearly a gross simplifi cation since natural materials are complex multisite mixtures having a variety of surface functional groups.
Two types of approaches exist for modeling adsorption on complex mineral assemblages such as soils (Davis et al., 1998) . Component additivity attempts to predict adsorption on soils using the results of a surface characterization of the soil along with experimental data and model parameters obtained for adsorption by pure reference minerals. In the generalized composite approach, it is assumed that the adsorption behavior of a soil can be described by surface complexation reactions written for generic surface functional groups that represent average properties of the soil as a whole rather than of specifi c mineral phases.
Component additivity approaches have been used to describe As(V) adsorption by soil with the diff use layer model (Lumsdon et al., 2001 ) and the CD-MUSIC model (Gustafsson, 2001) . Lumsdon et al. (2001) described As(V) adsorption in a contaminated soil profi le by assuming that the principal reactive adsorbent was amorphous Fe oxide. Th e modeling was only successful in describing adsorption in the two layers containing the most extractable Fe. Th e description of adsorption in three other horizons was either greatly over-or underestimated. Gustafsson (2001) used the CD-MUSIC model to describe As(V) adsorption on a spodic B horizon. He assumed that the reactive components were allophane and amorphous Fe oxide and used As(V) surface complexation constants obtained on gibbsite to represent allophane. Th e fi t of the CD-MUSIC model was generally very good, although not quantitative across the entire range of As(V) surface coverages. Th e use of component additivity approaches is severely restricted by the fact that most soils have mixed mineralogy.
Chemical signifi cance is optimized if as many surface complexation model parameters as possible are obtained experimentally. If there is no independent experimental evidence allowing the determination of the exact structure of adsorbed surface com-plexes, the use of models having chemical simplicity and a small number of adjustable parameters is preferable.
Generalized composite approaches have been used successfully in the application of the constant capacitance model to describe Se(IV) (Goldberg and Glaubig, 1988a; Sposito et al., 1988; Goldberg et al., 2007) and As(V) adsorption by soils (Goldberg and Glaubig, 1988b; Goldberg et al., 2005) . Th e constant capacitance model has not yet been applied to describe As(III) or Se(VI) adsorption by soils. Prior studies of Se(IV) (Goldberg and Glaubig, 1988a; Sposito et al., 1988; Goldberg et al., 2007) and As(V) adsorption (Goldberg and Glaubig, 1988b; Goldberg et al., 2005) by soils have been restricted to the description of adsorption as a function of solution pH. Th e model has not yet been used to describe As or Se adsorption data as a function of equilibrium solution As or Se concentration.
Th erefore, for the present study, the constant capacitance model was chosen, both because of its long successful history of describing adsorption by soils and for its chemical simplicity. Our objective was to apply the constant capacitance model to describe As(III), As(V), Se(IV), and Se(VI) adsorption as a function of equilibrium solution As(III), As(V), Se(IV), and Se(VI) concentrations by a set of soils obtained downgradient of three diff erent fl y ash disposal facilities. Th e adsorption isotherms of these soils had been previously described using the Freundlich adsorption isotherm equation for Se(VI) and Se(IV) and As(V) and As(III) . Th is will be the fi rst application of the constant capacitance model to describe As(III) and Se(VI) adsorption by soils.
Materials and Methods
A total of 18 soil samples were collected from three utility sites within the United States (identifi ed as Northeast [NE] , Southeast [SE] , and Midwest [MW]) where ash landfi lls are presently in use or are planned. For each site, soils were sampled downgradient from the landfi ll areas at depths ranging from 3 to 18.3 m. Previously determined soil properties Hyun et al., 2006) along with surface areas are summarized in Table 1 . Ranges of these properties were: pH, 4.4 to 7.3; clay, 1 to 29%; sand, 9 to 97%; organic matter, 0.2 to 1.5%; cation exchange capacity, 1.4 to 15.5 cmol c kg −1 ; dithionite-citrate-bicarbonate (DCB) extractable Fe, 5.9 to 32 g kg −1 ; DCB-extractable Al, 0.17 to 1.3 g kg −1 ; oxalate-extractable Fe, 0.15 to 5.5 g kg −1 ; oxalateextractable Al, 0.10 to 0.53 g kg −1 ; and 15-s DCB-extractable Fe, 0.01 to 1.62 g kg −1 . Th e clay mineralogy of the NE and SE soils is dominated by illite and kaolinite. Mineral identifi cation of the clay fraction for the MW soils was not possible because they contained <1% clay. Soil surface areas for 15 of the 18 soils were determined using ethylene glycol monoethyl ether adsorption as described by Cihacek and Bremner (1979) . At the time when surface areas were determined, three of the 18 soil samples had been depleted.
Arsenic and Se adsorption isotherms were measured for all 18 soils from 1 mmol L −1 CaSO 4 solution using a batch technique. Initial anion concentrations ranged from 0 to 66 μmol L −1 for As(V), 0 to 16 μmol L −1 for As(III), 0 to 34 μmol L −1 for Se(IV), and 0 to 13 μmol L −1 for Se(VI). Solid suspension density was 20 g L −1 for As(V), 50 g L −1 for As(III) and Se(IV), and 100 g L −1 for Se(VI). Equilibration times were 16 h for As(III) and Se(IV) and 48 h for As(V) and Se(VI). No release of As or Se was observed on the zero-anion-added treatments. Suspensions containing the reduced species were equilibrated for a shorter time due to concerns that a signifi cant amount of oxidation would occur. Preliminary analyses showed that oxidation of As was insignifi cant and oxidation of Se was <10% during the 16-h period . It is still possible that trace amounts of As(V) could be found in the As(III) solutions. Additional experimental details for the adsorption isotherm determinations and Freundlich adsorption isotherm model fi ts have been provided in Burns et al. (2006) and Hyun et al. (2006) .
Th e constant capacitance model (Stumm et al., 1980 ) was used to describe As and Se adsorption isotherms on the soils. Th e computer program FITEQL 3.2 (Herbelin and Westall, 1996) was used to fi t As and Se surface complexation constants to the experimental adsorption data. In the model, the protonation and dissociation reactions for the surface functional group, SOH (where SOH represents a reactive surface hydroxyl bound to a metal ion, S [Al, Fe, or Mn] in the oxide mineral or an aluminol group on the clay particle edge) are defi ned as
T 1. Selected physical and chemical proper es of soils used in this study. In the constant capacitance model, all surface complexation reactions form inner sphere surface complexes. Th e surface complexation reactions for As adsorption are defi ned as 
By convention, surface complexation reactions in the constant capacitance model are written starting with completely undissociated acid species; however, the model applications contain the aqueous speciation reactions for As and Se. Th e surface confi gurations were chosen because they correspond to the dominant As and Se solution species in the pH ranges investigated.
Other possible surface species-SH 2 AsO 4 , SAsO 4 2− , SHAsO 3 − , SHSeO 4 , and SHSeO 3 -were considered and found to be insignifi cant during model optimization. Prior investigations of As(V) (Goldberg et al., 2005) and Se(IV) (Goldberg et al., 2007) adsorption by soils found that model fi ts where superior in quality (as measured by the goodness-of-fi t criterion, V Y , Eq. [22] below) when monodentate surface species rather than bidentate species were used. An additional complication when using bidentate surface species is that the surface complexation constants become dependent on the concentration of [SOH] because the [SOH] term is squared.
Th e intrinsic equilibrium constants for the protonation and dissociation reactions are
where F is the Faraday constant (C mol c −1 ), ψ is the surface potential (V), R is the molar gas constant (J mol −1 K −1 ), T is the absolute temperature (K), and square brackets indicate concentrations (mol L −1 ). Th e intrinsic equilibrium constants for As are ( ) for Se(VI):
for Se(IV):
where σ is the surface charge (mol c L −1 ) related to surface potential by the following equation:
where C is the capacitance (F m −2 ), S A is the surface area (m 2 g −1 ), and C p is the solid suspension density (g L −1 ). Th e total numbers of reactive sites, SOH T , are the adsorption maxima obtained by fi tting the Langmuir isotherm equation to the adsorption data using the ISOTHERM nonlinear least squares optimization program (Kinniburgh, 1987) and are presented in Table 2 . Th is calculation of adsorption maxima assumes that the adsorption isotherms conform to the Langmuir equation across the entire range of surface coverages, not just the limited range investigated in our study. Th e capacitance was T 2. Constant capacitance model parameters.
Soil Total number of reac ve sites, 77.59 275.5 142.9 81.43 † Maximum adsorp on obtained by nonlinear fi ng of the Langmuir equa on to the isotherm data using ISOTHERM (Kinniburgh, 1987) .
fi xed at C = 1.06 F m −2 as in previous constant capacitance modeling of Se(IV) (Goldberg and Glaubig, 1988a; Goldberg et al., 2007) and As(V) (Goldberg and Glaubig, 1988b; Goldberg et al., 2005) adsorption by soils. Th e protonation-dissociation constants were fi xed at: log K + (int) = 7.35 and log K − (int) = −8.95. Th ese values were averages of a literature compilation for Al and Fe oxides obtained by Goldberg and Sposito (1984) and have been used in prior constant capacitance modeling of As(V) adsorption by soils (Goldberg et al., 2005) . Goodness of model fi t was evaluated using the overall variance, V in Y:
where SOS is the weighted sum of squares of the residuals and df is the degrees of freedom (Herbelin and Westall, 1996) .
Results and Discussion
Anion adsorption as a function of solution anion concentration is presented in Fig. 1 to  3 . To avoid bias, we chose to show the fi rst soil from each geographic region: NE1 25-30 from the Northeast, SE1 48.5 from the Southeast, and MW1 17 from the Midwest. The adsorption isotherms for adsorption of As(V), As(III), and Se(IV) are Langmuirian in shape, in that adsorption tends toward a maximum for high solution anion concentration. In contrast, the adsorption isotherms for Se(VI) adsorption are almost linear, conforming to a distribution coeffi cient model.
Th e constant capacitance model was fi t to the anion adsorption isotherms, optimizing one surface complexation constant for each anion: log K 2 As(V) (int) for As(V), log K 1 As(III) (int) for As(III), log K 2 Se(VI) (int) for Se(VI), and log K 2 Se(IV) (int) for Se(IV). Table 3 provides values of the optimized surface complexation constants for each anion, as well as goodness-of-fi t parameters, V Y , for each optimization. Th e fi ts represented in Fig. 1 to 3 indicate the ability of the constant capacitance model to describe As(III) (Fig. 1a, 2a , and 3a), As(V) (Fig. 1b, 2b , and 3b), Se(IV) (Fig.  1c, 2c , and 3c), and Se(VI) (Fig. 1d, 2d , and 3d) adsorption isotherms. Except for one data point for As(V) adsorption by the SE1 48.5 soil, the model provides an excellent quantitative description of the adsorption behavior of the four anions by soils from three geographic locations having diverse mineralogy. Adsorption data and model fi ts for the remaining soils are available on the U.S. Salinity Laboratory website (www.ars.usda.gov/ Services/docs.htm?docid=8908; verifi ed 26 Sept. 2008) . Our study represents the fi rst description of As(III), As(V), Se(IV), and Se(VI) adsorption by soils as a function of equilibrium solution As(III), As(V), Se(IV), and Se(VI) concentrations. In prior work Hyun et al., 2006) , the coeffi cients that resulted from the generic Freundlich adsorption model fi ts were used to calculate distribution coeffi cients for As(III), As(V), Se(IV), and Se(VI) at a designated equilibrium solution concentration (?1.3 μmol L −1 ). Simple and multiple linear regression analyses were conducted using these simplifi ed coeffi cients to correlate anion adsorption and various soil properties Hyun et al., 2006) . Based on the regression coeffi cient values (R 2 ) for single and paired parameter correlations, correlations for As(V) and Se(IV) were highest (R 2 = 0.851 and 0.884, respectively, both signifi cant at P < 0.001) when coupling average isotherm pH with 15-s DCB-extractable Fe, considered to represent the most available and reactive portion of the Fe oxides. Th e same correlation was also high for Se(VI) (R 2 = 0.818, P < 0.001), but pH coupled to clay produced a slightly higher correlation (R 2 = 0.836, P < 0.001). For As(III), pH coupled to oxalate-extractable Fe resulted in the best correlation (R 2 = 0.725, P < 0.001). Good correlations occurred for all species when pH was coupled to DCB-extractable Al as well (R 2 from 0.573, P < 0.05, to 0.794, P < 0.001). A similar multiregression analysis was performed with the constant capacitance model surface complexation constants for these anions. A subset of paired parameter regressions, including those that exhibited the highest correlations, are shown in Table 4 . High correlations were again noted for coupled pH and Fe oxide, Al oxide, and clay content parameters as shown in Fig. 4 , in agreement with the prior studies Hyun et al., 2006) . Overall, these results are consistent with other literature observations regarding pH dependence and the dominant role that Fe and Al oxides play in adsorption of As(V) and Se(IV) by soils (e.g., Goldberg et al., 2005 Goldberg et al., , 2007 .
Th e constant capacitance model was able to describe, for the fi rst time, As(III), As(V), Se(IV), and Se(VI) adsorption on soils from these three utility sites as a function of solution anion concentration by optimizing only one surface complexation constant. Our study is the fi rst application of the model to describe As(III) and Se(IV) adsorption by soils. Th e constant capacitance model explicitly includes the pH variable. Th erefore, this chemical model constitutes an advancement over distribution coeffi cient and Langmuir and Freundlich isotherm models, which, despite containing two empirical adjustable parameters, cannot predict changes in adsorption occurring with changes in solution pH. Surface complexation constant values obtained in our study for the constant capacitance model can be incorporated into chemical speciation transport models to provide simulations and predictions of As and Se concentrations in soil solutions under diverse environmental conditions. Under transport conditions, oxyanion diff usion into micropores and nanopores might become rate limiting and soil physical parameters such as porosity, structure, and texture may need to be considered, as they usually are in chemical speciation transport models. Th e solid/ solution ratio is a factor that can infl uence the extent of ion adsorption (Di Toro et al., 1986) . Anion adsorption as a function of equilibrium solution anion concentration on soil minerals was found to be 3. Constant capacitance model surface complexa on constants [K 1 (int) and K 2 (int)] and goodness of fi ts. unaff ected by changes in particle concentration over two orders of magnitude for molybdate adsorption by soil minerals (Goldberg and Forster, 1998) . When particle concentration was increased by a factor of eight for adsorption of As on amorphous Al and Fe oxides, the ability of the constant capacitance model to describe the adsorption data was unaff ected (Goldberg and Johnston, 2001) .
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T 4. Regression equa on describing the correla on of the surface complexa on constant log K(int) and pH with clay, surface area, and various oxide contents. 
